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SUMMARY 

The nucleotide sequence of the dibydrofolate reductase (DHFR) gene of a methotrexate-resistant strain of 
Luctobacilhu casei, which is the sonrce of DHFR for nuclear magnetic resonance (NMR) studies, has been 
determined. The derived amino acid sequence differs from that obtained by protein sequencing by the presence 
of aspartic acid instead of opine at position 8 and prohne instead of leucine at position 90. The nu~l~tide 
sequences of 320-bp 5’ and 335bp 3’ flanking regions of this gene have also been determined. 
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DHFR plays a central role in one carbon unit 
metabolism (Blakely, 1%7), and is the target of a 
number of ehnically important drugs, such as tri- 
methoprim and MTX. This enzyme has therefore 
been the subject of extensive physicochemical 
studies aimed at understanding the structure and 
function of the active site of the enzyme. Crystal 
structures of complexes of the Escherichia coli 
DHFRwith MTX (Ma~ews et al., 1977; 1978) and 
TrMP (Baker et al., 1981), and of a ternary complex 
of the L. mei DHFR with MTX and NADPH, have 
been obtained, and L. casei DHFR has been studied 
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extensive@ by NMR (Birdsall et al., 1977; Feeney 
et al., 1977; Wyeth et al., 1980). Recent advances in 
recombinant DNA technology and chemical syn- 
thesis of oligodeoxynucleotides have made it possible 
to use oligonucleotidedirected in vitro mutagenesis 
to introduce specific amino acid exchanges into pro- 
tein molecules, and several interesting alterations 
have recently been made in E. coli DHFR (Villa- 
franca et al., 1983). A prerequisite to such studies is 
the accurate dete~ation of the nucleotide se- 
quence coding for the protein, and this is reported 
here for the L. casei enzyme. 

The DHFR gene that we have sequenced was 
cloned from an MTXR strain of L. casei by Davies 
and Gronenborn (1982). It is not known whether the 
amino acid sequence of DHFR from MTXS L, casei 

is the same or different. The MTXR strain was 
chosen because the DHFR of this strain is the 
protein on which extensive NMR work has been 
carried out. The cloned sequence is of further interest 
since it has been shown to contain a region or regions 
to which L. casei DHFR binds specifically (Gronen- 
born and Davies, 1981; Clore et al., 1982; Gronen- 
born and Clore, 1983). The location of the DHFR 
gene within the cloned DNA is shown in Fig. 1. The 
plasmid pWDLcB 1 contains two contiguous L. casei 

BamHI fragments inserted into the BamHI site in 
the TcR gene of pBR322. The larger L. casei BamHI 
fragment (1.8 kb) contains the DHFR gene between 
the EcoRI and PstI sites (Fig. l), and this is the 
region which has been sequenced. 

Fig. 1. Restriction maps and location of the L. uzsei DHFR gene 
in plasmid pWDLcB1. The single line represents sequences 
derived from plasmid pBR322, whilst the double line corre- 
sponds to the inserted L. casei DNA. The location and orien- 
tation of the ORF corresponding to the gene for L. cusei DHFR 
are shown by the arrow. 

EXPERIM~AL AND DISCUSSION 

(a) Nucleotide sequencing 

The nucleotide sequence was determined using 
primarily the chain-termination method of Sanger 
et al. (1976) as described by Davies (1982). All of the 
sequence was determined in both directions, and 
some of it was determined by the method of Maxam 
and Gilbert (1980) as well. Furthermore, a second 
independent clone was obtained and sequenced, and 
the nucleotide sequence was found to be identical to 
that of pWDLcB1. The sequence comprising the 
DHFR gene and the 320-bp 5’ and 335bp 3’ 
flanking regions is shown in Fig. 2. 

(b) Coding 

The DHFR gene, the first sequenced gene from 
L. casei, has standard initiation (ATG) and termina- 
tion (TAA) codons. The initiation codon is separated 
by 8 bp from a sequence that would be a likely RBS 
in E. co& (Shine and Dalgamo, 1974). Thus the 
translation signals for DHFR in this species closely 

resemble those of E. coii. Since the amino acid 
sequence of L. casei DHFR has been determined 
(Freisheim et al., 1978), the ORF and codon assign- 
ments can be made. Codon usage (Table I) is very 

TABLE I 

Codon usage for the DHFR gene of L. casei 

Amino acid 

Ala 

Arg 

Asn 

Codon Frequency of usea 

GCA 3 
U 6 
C 1 
G 5 

AGA 0 
G 0 

CGA 1 
U 2 
C 3 
G 2 

AAU 2 

ASP GAU 14 
C I 

Cys UGU 0 
C 0 



Amino acid Codon Frequency of use* 

LYS AAA 
G 

Met 

Phe 

Pro 

Ser 

Thr 

Ghl CAA 3 
G 6 

Ghl GAA 
G 

Gly GGA 
U 
C 
G 

His CAU 6 
C 1 

Ile AUU 
C 
A 

Leu UUA 
G 

CUA 
U 
C 
G 

AUG 

UUU 
C 

CCA 
U 
C 
G 

UCA 
U 
C 
G 

AGU 
C 

ACA 
U 
C 
G 

Trp UGG 

+fyr UAU 
C 

Val GUA 
U 
C 
G 

3 
2 
0 

1 

3 
0 
0 
0 
3 

5 
4 

3 

7 
I 

2 
3 
1 
2 

0 
0 
1 
0 
2 
1 

2 
1 
7 
4 

4 

5 
0 

1 
8 
5 
2 

a Numbers indicate the number of occurrences of a particular 
codon in the DNFR gene of L. cm& 
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similar to that in E. coli with the single exception that 
ah five tyrosine codons are UAU, which is usually 
the rare codon in E. cc& and related species 
(Ikemura, 1982). 

The amino acid sequence derived from the nucleo- 
tide sequence differs from the amino acid sequence 
published by Freisheim et al. (1978) in two places; 
Asp for Asn at position 8 and Pro for Leu at 
position 90. The residue at position 8 has already 
been proposed to be Asp, not Asn, by Batley and 
Morris (1977) on the basis of a comparison of the 
N-terminal part of the protein purified from a differ- 
ent MTXR strain of L. cusei. We have checked the 
nucleotide sequences in these regions very carefully, 
and they are completely unambiguous. Thus the 
finding of a proline at position 90 may either be due 
to a leucine having been identified by error, or to a 
genuine difference in the protein produced in these 
two strains. The latter possib~ty seems less likely, in 
our view, since a comparison of the amino acid 
sequence of the three bacterial enzymes from E. coli, 

L. casei and Streptococcus faecium implies a strong 
conservation of amino acid sequences and both the 
E. coli and 5‘. f~ecium proteins possess a proline in 
this position. F~he~ore, inspection of the crystal 
structure of the L. caxei DHFR complex places 
amino acid 90 at the outside of the protein structure 
in the region of a turn similar in both the E. coli and 
L. casei structures. It is very likely that in both 
enzymes the proline residue in position 90 is involved 
in such a turn. Therefore, residue 90 is probably 
proline, and the assignment of leucine to this position 
was a mistake. 

(c) Initiation of ~~~ripti~ 

There is no clearly recognizable sequence resem- 
bling a promoter, of the type found in E. coli, close 
to the putative RBS for the L. casei DHFR gene. 
However, a sequence with almost consensus -35 
and -10 (Rosenberg and Court, 1979) elements of 
E. co& promoters occurs 189 bp upstream of the start 
codon. Transcript mapping experiments (Fig. 3) 
(Berk and Sharp, 1977) show that this is indeed the 
sequence used as a promoter by E. coli RNA poly- 
merase. 
The 625 bp EcoRI-BgfiI fragment (Fig. 1) gave rise 
to a 455-bp DNA-RNA hybrid fragment, which 
places the S’end of the mRNA at position 174 k 2 in 
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1 

71 

141 

211 

. * 
GTCGCACGCCGCGGCCGGC~CCGACTTT~CAGTTGAATCCGGATAAACATGATATT~CGACTTTGACA~ 

___-__ 
-35 

* . 
GAAGGATATTAAGTTGCTTRRTTRCGATCCTTATCCGGCCATTAAGGCACCGGTTGCCG~TT~TCGCT~ 

I___-- 
-10 

GAAGA~GG~AAGT~AT~~AAGTGT~TGAT~;CTTTGT~~GGTTTA~~~*GA~A~AAA~GGCGCCATT~ 

281 

351 

TGTTCGGCTTTGGAT~CATAC~~GGAGGGG~TCG~TGACCG~ATTTTTATGGG~ACAGGATCG~ 
____--- 
Ri bosome 
Binding 

*TAFLWAQaR 

Site 
GATGGCTTAATn;GCRRAGI;TGGTCATTTGCCATGGCAT~TACCGGATG~TTTACATTA~TCCGGGCG~ 

DGLIGKDGHLPWHLPDDLHYFRA 

QTVGKIMVVGRRTYESFPKRPLPE 

491 
. 

GCGAACCAATGTTGTTTTG;CCCATCAGGAAGACTATCA~GCGCAAGGT~CCGTGGTCG~GCATGATGT~ 

561 

RTNVVLTHQE DYQAQGAVVV H D V 

BglII. 
GCGGCGGTT;TTGCTTA~~TACAGCATCCGATCAGGAAAGATCT 

AA~FAYAKQN~DQEL~IAGGAQI 

631 
s . . 

TTACGGtTTTTAAAGAT~TGTCGATACGTTACn;GTAACACGTTGGCn;GCAGTTT~~GGCGATAC 

FTAFKDDVDTLLVTRLAGSFEGDT 

701 

771 

841 

911 

981 

1051 

1121 

. . 
GAAARn;ATTCCA~~C~GGATGATTTTRCCAAAGTCTCCAGCCGC~CCGTTG~G~TACCAATCC~ 

KMIPLNWDDFTKVSSRTVEDTNP 

. . . . 
GCGCTGACGCACACTTATGAGGTTTGGC-AGGCTTGT 

ALTHTYEVWQKKA" 

* . . 
TGCCAGCTGGTGCGGGTGTGAGTTTAGACGCATATTTGCGTGCATTT ~TCGTCTCTCGTATTATC 

. (1 
TGGCAAAACAAAAACCGCAGTCCGCATCAAAAACAAA 

. . . 
AAAAAAACGGCGCCAAAACAGAAGTCAAAGTCAAAGTTGACATATGCTGAGCAGATAGAGTA~AT~GCTCC~C 

AAGAACTTGATGAATTAGACGAGCAGTTGGCCAAGGTTAA 

.PstI 
TTACGTGAAGCTGGGCGATCTGCAG 

Fig. 2. Nucleotide sequence of the L. casei DHFR gene from au MTXR strain of L. casei. The nucleotide sequence of the EcoRI-PstI 
Fragment from pWDLcBI is shown. The derived amino acid sequence of the coding region is shown, and the two residues that diEer 
between this and the previously published (Freisheim et al., 1978) amino acid sequence are boxed. Also indicated by dashed underlining 
~etheRBS~d~e -1Oand -35 componentsofthepromoterthatresemblesanalogoussitesusedby E. co~~A~i~er~e.~te~sks 
represent start and stop codons; the rnet~on~e of the start codon is not found in the mature DHFR protein. 
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ABCDEF 

396 

344 

296 

2201221 

Fig. 3. Autoradiogram of an Sl mapping experiment of the 
transcript of the L. cusei DHFR gene produced by E. coli. Total 
mRNA from a lOO-ml culture of pWDLcB1 containing E. wli 

was prepared according to the method of Ikemura and Dahlberg 
(1973). DNA fragments for Sl mapping were prepared from 
purified plasmid DNA by digestion with restriction endonucle- 
ases and preparative agarose gel electrophoresis. The 625bp 
EcoRI-BglII fragment covering the protein start was labelled at 
the 5’ end of its noncoding strand by phosphatase treatment 
followed by treatment with T4 polynucleotide kinase and 
[y-32P]ATP. The 520-bp BglII-PstI fragment, covering the pro- 
tein stop signal, was labelled at the 3’ end of its noncoding strand 
by filling in the recessed 3’ end with the large fragment of DNA 
polymerase I (Rlenow) using [a-“‘P]dGTP. Sl mapping was 
carried out as follows: 300 ng of labelled DNA (520 bp or 625 bp 
fragment) was dissolved with 30 pg of total mRNA in 10 pl of 
40 mM PIPES (pH 6.4), 1 mM EDTA (pH 8.0), 400 mM NaCl, 
80% formamide, and the mixture was shaken for 30 min. The 
tube was incubated at 90°C for 5 min and then immediately 
transferred to a 50°C waterbath and left overnight. Sl nuclease 
was added (300 units) at 50 o C in 300 ~1 of 280 mM NaCl, 30 mM 
Na. acetate @H 4.4), 4.5 mM Zn * acetate and the tube was 
transferred to 20°C for 2 h. The reaction was stopped with 6 ~1 
0.5 mM EDTA and the solution phenol extracted and ethanol 
precipitated. The resulting DNA was analyzed on a 6% poly- 
acrylamide gel containing 8 M urea with appropriate markers. 
The gel was autoradiographed for 2 days using a preflashed Fuji 
RX X-ray film with an intensifying screen. Lane A, 625-bp 
EcoRI-BglII fragment; lane B, 520-bp BgnI-PsrI fragment; 
lane C, IfinfI digest of pBR322 with the fragment sixes specified 
on the left margin; lane D, marker fragments, 441-bp EglI-BgZII 
fragment, partially cut with TuqI (minor fragment is 308 bp 
long); lane E, Sl mapping of 625-bp fragment; lane F, Sl map- 
ping of 520-bp fragment. 

the sequence in Fig. 2, and thus possibly at A173. 

This site is 9 bp downstream from the E. c&type 
promoter sequences. The 520-bp BgnI-PstI frag- 
ment (Fig. 1) gave rise to a major band corre- 
sponding to a 242-bp DNA-RNA hybrid fragment 
after hybridization to mRNA followed by S 1 diges- 
tion. This places the 3’ end of the mRNA at position 
866 f 2 bp in Fig. 2, which is 54 f 2 bp downstream 
from the termination codon of the DHFR gene. 
While it is possible that L. cmei promoters are 
completely different and therefore unrecognizable 
structures, it does seem statistically very improbable 
that both -35 and -10 elements with correct spacing 
should occur in the 320 bp upstream of the L. casei 

DHFR gene by chance alone. There is, therefore, a 
strong possibility that L. casei promoters resemble 
E. coli promoters closely, and this may also apply to 
transcription termination signals in the two organ- 
isms. There are several precedents in E. coli for 
promoters being located considerable distances 5’ to 
genes, including the case of the clp gene promoter, 
which is under autoregulation by the gene product, 
CRP (Aiba, 1983). It is interesting that L. casei 

DHFR may also regulate its own synthesis (Gronen- 
born and Davies, 1981). The precise sequence ele- 
ments involved in this remain to be determined. 
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